and as nanoreactors for materials synthesis. [6] [7] [8] [9] [10] [11] [12] [13] However, it is still challenging to manipulate their self-assembly in a controlled way and to analyze their assembled products precisely at the molecular level. 14, 15 In this study, we have generated two different individual mutants of a protein cage with functional groups either inside or outside of the cage ( Figure 1A) . We chemically modified different cages and reconstructed chimeric cages with a controlled ratio of two subunit types ( Figure 1B) . Using mass spectrometry, we were able to determine the compositions of the ensemble population and also of the individual chimeric cages within the population at the molecular level. A model based on a binomial distribution suggested chimeric cages are assembled by random incorporation of the two individual subunits.
Mass spectrometry has been used to monitor multicomponent systems, because it can simultaneously resolve individual molecular masses present in a mixture. [16] [17] [18] Using a combination of electrospray ionization (ESI) 19 and a time-of-flight (TOF) mass analyzer, it is possible to determine the masses of individual protein components of a noncovalently associated macromolecular complex as well as the mass of the intact macromolecular complex without disturbing the structures. 16, [20] [21] [22] [23] The Dps (DNA binding protein from starved cells) from the Gram-positive bacterium Listeria innocua (Li) is a member of the ferritin superfamily and prevents oxidative damage of DNA by accumulating iron atoms within its central cavity to produce an iron oxide core similar to that of ferritins. 24, 25 The LiDps consists of 12 identical 18 kDa subunits that self-assemble into a hollow protein cage having tetrahedral 23 symmetry ( Figure 1A ). 24 The LiDps has an outer diameter of 9 nm and an inner cavity diameter of 5 nm with 0.8 nm pores at the 3-fold axis where molecules can pass through to the interior ( Figure 1A) . 24 The LiDps has been used as a template for nanomaterials synthesis of metal oxides of iron 26 and cobalt 27 as well as cadmium sulfide 28 and platinum 29 with or without modifications. The small number of subunits, robustness at high temperature, 26, 27 and intrinsic biomineralizing capability 25 of the LiDps protein cage make it an attractive modifiable nanoreactor for nanomaterials syntheses. In addition, the defined small cavity size 24 allows synthesis of extremely small nanostructured materials. 29 Two individual cysteine mutants, one exposed on the interior surface and the other on the exterior surface, were generated to adapt the LiDps for selective chemical modifications. The serine residue at position 138 located in the middle of helix E where it is directed toward the inside cavity was substituted with cysteine (S138C) 29 ( Figure 1A , blue). Alternatively, for the exterior modification, four extra residues (KLFC) were added to the C-terminus ( Figure 1A , red). Cysteine reactive maleimide and iodoacetamide agents were used to conjugate chemical moieties to the LiDps. We conjugated a metal chelating chemical moiety (5-iodoacetamido-1,10-phenanthroline (iodo-phen)) on the interior (S138C) and a chromophore (fluorescein-5-maleimide (F5M)) on the exterior (KLFC) surfaces of the LiDps protein cage. Chemically modified mutants eluted on size exclusion chromatography (SEC) at the same position as wild-type (wt) LiDps suggesting chemical modifications of the mutant cages did not alter protein architectures (Supporting Information(SI), Figure F1 ). While the hydrodynamic diameter of phen-S138C LiDps was the same as unmodified or wt LiDps (9 nm), that of F5M-KLFC LiDps was slightly larger (10.7 nm) than wt LiDps probably due to mass addition to the exterior (extra four residues and fluorescein, ∼1 kDa) and the flexible nature of the C-terminus (SI F2). 24 The extent of iodo-phen and F5M modification to each protein cage was evaluated by mass spectrometry. 17, 30 Mass analysis revealed that 10 and 11 subunits per cage (12 subunits) of S138C and KLFC mutants were chemically modified with phen (phen-S138C) and F5M (F5M-KLFC), respectively (SI F3).
To construct chimeric LiDps with distinct internal and external functionalities in well-defined ratios, we dissociated both genetically and chemically modified LiDps by lowering the pH. 31 Dissociated subunits were separated by SEC and analyzed by DLS, mass spectrometry, and analytical ultracentrifugation to determine oligomeric states of dissociated cages (SI F4). Mass spectrometry was carried out at pH 2.0 and both dissociated phen-S138C and F5M-KLFC LiDps were detected predominantly as monomers (SI F4C). However, it is possible that modified LiDps subunits are weakly associated to each other in solution at pH 2.0 and become dissociated inside the mass spectrometer, because it is necessary to use higher temperature and voltage than physiological conditions to ionize analytes and to apply external energy to the ionized analytes allowing them reach to the detector 20, 32 (SI, experimental section). Therefore, analytical ultracentrifugation was employed to probe the oligomeric state of the dissociated cages in solution. While the previously reported s value of intact LiDps cage is 10.5 s, 33 we obtained sedimentation coefficients of 1.6 s and 1.8 s from dissociated phen-S138C and F5M-KLFC LiDps, respectively, with a minor population sedimenting at approaximately 2.3 s (SI F4D). Chemically oxidized KLFC LiDps subunits, which form covalent dimers (SI F4E), run in parallel sedimented at 2.3 s consistent with a 40 kDa protein (SI F4D). Taken together, the mass spectrometry and velocity sedimentation data suggest that both dissociated phen-S138C and F5M-KLFC LiDps exist predominantly as monomers with a small amount of dimers in solution at pH 2.0.
Chimeric LiDps protein cages were constructed by mixing individually modified and dissociated subunits in various desired ratios and reassembled by slowly raising the pH to 7 ( Figure 1B) . The initial mixing ratio was determined by a combination of UV-vis spectra and relative intensities of subunit mass spectrometry analyses. Reassembled chimeric cages were isolated by SEC and characterized by UV-vis spectroscopy and mass spectrometry. The majority of the sample eluted as intact cages, although some large aggregates were observed (∼15%, SI F5). The absorbance at 490 nm, which is the absorption maxima of fluorescein, increased linearly as the proportions of F5M-KLFC LiDps subunits increased (Figure 2A, inset) indicating mixed incorporations of F5M-KLFC and phen-S138C subunits. The subunit composition was also analyzed by mass spectrometry ( Figure 2B ). The relative intensities of peaks assigned to the F5M-KLFC subunits (red transparent bars) increased as the input proportion of F5M-KLFC subunits increased ( Figure 2B ). Both UV-vis spectra and mass spectrometric analyses of subunits agreed well with the initial mixing ratios. However, these approaches provide information only about subunit composition in the whole population rather than for the individual cages. Therefore, it is possible that each subunit type reassembles to form two individual phen-S138C and F5M-KLFC homododecameric cages instead of reassembling into chimeric cages with a given mixing ratio.
Noncovalent mass spectrometric analyses of reassembled cages allowed us to distinguish between these two possibilities. Increased ratio of F5M-KLFC subunits, the heavier one, resulted in shifts of charge state distribution to the higher m/z ( Figure 2C, black lines) clearly demonstrating mixed incorporation of both phen-S138C and (A) UV-vis spectra of reassembled LiDps cages according to the initial mixing ratios. Phen-S138C/F5M-KLFC ) 0:10 (magenta), 3:7 (blue), 5:5 (green), 7:3 (red), and 10:0 (black). Absorbances at 490 nm were plotted against the input ratio of phen-S138C and F5M-KLFC LiDps subunits (inset). Mass spectra of reassembled subunits (B) and whole cages (C). Charged peaks of subunits (14, 17, and 20+) and cages (22+) are indicated and marked by blue (phen-S138C) and red (F5M-KLFC) transparent bars. The experimental data were modeled (red lines) using a binomial distribution model 34 (SI, experimental section). (D) Comparison of modeled mass spectra generated by varying the composition of F5M-KLFC. Exact input amount (solid red), 10% higher (dashed magenta), and 10% lower (dashed blue) amounts.
F5M-KLFC subunits within the population of reassembled cages. To rule out the possibility of subunit exchange between cages as has been observed with Hsp, 34, 35 mixed populations, without dissociation, were monitored by noncovalent mass spectrometry. Two distinct masses corresponding to each homododecameric cage were consistently detected with different intensity ratio according to the amount of the initial input (SI F6) suggesting subunit mixing only occurs during dissociation/reassembly process.
The experimental mass spectra were modeled using a modified binomial distribution model 34 (SI, experimental section) to test whether the formation of chimeric cages is achieved by the random incorporation of two initial components. In general, a binomial distribution describes the probability of observing a specific composition for an ensemble composed of two different species if the ensembles are assembled randomly. In our case, the ensemble represents each cage structure which is a collection of 12 subunits and the two species are phen-S138C and F5M-KLFC subunits. The probabilities of observing a protein complex with each hybrid composition were calculated and then used to scale the area of Gaussian functions whose peak widths were calculated as a linear combination of the input complexes' peak widths (SI F7). This approach allowed us to determine the contributions of each particular chimeric cage in the whole population (SI T1). At the initial mixing subunit ratios of 7:3 and 3:7 (phen-S138C:F5M-KLFC), 47% of each population was contributed by hybrid species of 9 subunits of phen-S138C and 3 subunits of F5M-KLFC (9 + 3, 24.0%) and 8 + 4 (23.1%), and 3 + 9 (24.0%) and 4 + 8 (23.1%), respectively (SI F7 and T1).
Theoretical mass spectra were generated by integrating all the calculated probability-weighted Gaussian functions ( Figure 2C ,D, red lines). The experimental mass spectra of reassembled chimeric cages showed an excellent agreement with theoretical spectra (Figure 2C,D) suggesting that the formation of chimeric cages can be well described by a simple binomial distribution where the assembly unit is a monomer. 35 The uniqueness of the theoretical spectra was tested by varying the composition (10% from the actual experimental input composition ( Figure 2D, SI F8 ). These results suggest that both phen-S138C and F5M-KLFC LiDps subunits incorporate randomly into a chimeric cage obeying the initial mixing ratios instead of making two individual cage populations (Figure 2 ). However, a subpopulation corresponding to the phen-S138C only dodecameric cage was also observed ( Figure 2C ). Dissociated phen-S138C subunits have a slightly greater tendency to form dimers (SI 4D) and small amounts of preformed dimers may facilitate homododecameric cage formation.
In conclusion, we have constructed chimeric protein cages having dual functionalities inside and outside of LiDps by reassembling dissociated subunits with desired ratios and determined compositions of chimera at the molecular level using mass spectrometry. Binomial distribution analysis of mass spectra supported that dissociated subunits reassemble randomly into a dodecameric cage and allowed us to determine the contributions of each chimeric cage in the population. The disassembly/reassembly approach described here may give us greater insight into constructing finely tuned multifunctional protein cages and its biomedical and nanomaterials applications.
